Introduction {#s0001}
============

Hepatocellular carcinoma (HCC) is the second leading cause of cancer death worldwide.[@cit0001] Surgical resection and ablation, depending on tumor burden and intra-hepatic location, are the sole curative, non-transplant treatments; nevertheless, relapse occurs in approximately 70% of patients within five years,[@cit0002] with a dismal prognosis when eligibility criteria for salvage transplantation are not met.[@cit0003] Promising results are emerging with immunotherapy based on immune checkpoint inhibition,[@cit0004] but tumor-intrinsic and -extrinsic resistance points in metabolic and immunosuppressive pathways are the major obstacles to effective immune-mediated cancer control.[@cit0005]

HCC is a highly hypoxic tumor due to its rapid growth rate and the surrounding fibrotic tissue produced by chronic inflammation.[@cit0006] In cancer cells, hypoxia is associated with metabolic reprogramming based on anaerobic glycolysis, leading to the overproduction of pyruvate, lactate and carbonic acids.[@cit0007] A hypoxic/acidic microenvironment is the hallmark of invasive tumors,[@cit0008]^,^[@cit0009] the aggressiveness of which is also driven by the ability to escape adaptive immune surveillance and contribute to local inflammation.[@cit0010] To cope with hypoxic stress and acidity, tumor cells overexpress different pH regulators, including carbonic anhydrase (CA) IX and XII.[@cit0014] CAs are zinc metalloenzymes that catalyze the reversible hydration of carbon dioxide to carbonic acid and are involved in respiration and acid-base equilibrium.[@cit0014] V-ATPase is also a key protein in the regulation of the tumor acidic microenvironment and is one of the most studied pH regulators in cancer.[@cit0015] V-ATPase consists of multiple subunits assembled in two domains: the membrane-associated domain V0 transports protons across the membrane, while the cytoplasmic domain V1 hydrolyses ATP.[@cit0016] Each V-ATPase subunit displays several splice variants, conferring specific intracellular localization and tissue specificity.[@cit0017]

The main function of pH regulators is to counteract the intracellular accumulation of protons caused by tumor energy metabolic dysfunction, expelling protons into the extracellular milieu, leading in turn to its acidification.[@cit0014] Additionally, CAs and V-ATPase are crucial components of signal transduction cascades associated with neoplastic transformation.[@cit0018] Because of their pivotal role in tumor survival, pH regulators are receiving attention as promising therapeutic targets, and pharmacological strategies to disrupt their function have recently been developed and tested in early clinical trials.[@cit0019]

In the present study, we investigated the expression and role of pH regulators in the tumor microenvironment of HCC patients, focusing on CAIX, CAXII and V-ATPase because of the availability of specific inhibitors with potential clinical use. Interestingly, we found that interfering with these pathways may represent a pleiotropic strategy to influence tumor survival, aggressiveness and the immunological properties of HCC.

Results {#s0002}
=======

pH regulatory molecules are expressed in HCC {#s0002-0001}
--------------------------------------------

Matched tumor (T) and adjacent non-tumor (NT) snap-frozen tissues from patients with HCC undergoing curative resection (n = 57, see [Table 1](#t0001){ref-type="table"} for the pathological features of these tumors) were profiled for the expression of *CA9* and *CA12*, encoding for CAIX and CAXII proteins respectively, and *ATP6V0A1, ATP6V1A, ATP6V1C1* and *ATP6V1H* encoding for the a1, A1, C1 and H subunits of the V-ATPase. These subunits were chosen for analysis because a1 contains the binding site for proton pump inhibitors (PPIs), while A1, C1 and H encompass the V1 domain involved in the regulation and stator of the whole encoded complex.[@cit0016] The level of *HIF1A* mRNA was also assessed. Given that HCC arises from chronically inflamed liver tissue, samples from normal liver obtained from patients undergoing an operation unrelated to cancer (cholecystectomy) (n = 9) were included as a control group. In line with the literature data,[@cit0020] qRT-PCR analysis showed that in comparison with normal liver, both NT and T tissues displayed increased transcription of the *HIF1A* gene. NT and T tissues also displayed an increase in the expression of *CA9* mRNA ([Fig. 1A](#f0001){ref-type="fig"}). *CA9* and *HIF1A* expression was positively correlated both in NT and T tissues, thus highlighting the dependence of *CA9* on hypoxia also in the HCC setting[@cit0021] (Supplementary Fig. S1). NT tissues displayed higher *CA9* mRNA levels, likely due to their enrichment in bile ducts with cholangiocytes positive for CAIX.[@cit0022] Conversely, *CA12* was strongly positive in T samples, while it was barely detectable in normal liver and NT tissues ([Fig. 1A](#f0001){ref-type="fig"}). Concerning the V-ATPase complex, all the subunits exhibited enhanced expression in T compared with NT or normal liver, with the differences reaching statistical significance for the *ATP6V1 A, ATP6V1C1* and *ATP6V1 H* genes ([Fig. 1A](#f0001){ref-type="fig"}). Table 1.The clinicopathological characteristics of HCC patients.Clinical variableN°%Age, mean ± SD, years72.0 ± 9.9  \<5023.5 ≥505596.5Sex   Male4477.2 Female1323.6Etiology   HBV1322.8 HCV1933.3 Others (NASH, potus, hemochromatosis)1628.1healthy liver915.8 Tumor number   Single4986.0 Multiple814.0Tumor size, cm   \<32035.1 3--51729.8 ≥52035.1Microvascular invasion   Yes3561.4 no2238.6Grading   G135.3 G24070.2 G31424.6[^5] Figure 1.Gene expression of pH regulatory molecules in liver tissues. (A) mRNA expression levels of *HIF1 A, CA9, CA12, ATP6V0A1, ATP6V1 A, ATP6V1C1* and *ATP6VIH*. The expression of the indicated genes was evaluated in 9 normal (N) and 57 paired samples of adjacent non-tumor (NT) and tumor (T) liver tissues (see Materials and Methods for the statistical analyses used). The data are reported as 2^−ΔCt^ values (ΔCt = Ct~target\ gene~--Ct~GAPDH~). (B) High expression of *CA9* and *CA12* was associated with poorly differentiated HCC (G3). Gene expression data of 57 tumor tissues analyzed were reported as --ΔCt values. The reported p-values were calculated by the unpaired t test.

In the tumor tissues, the expression of *ATP6V0A1, ATP6V1C1* and *ATP6V1 H* genes was positively associated, in agreement with the notion that they encode for ATPase subunits essential in the functional activity of the V-ATPase molecular complex.[@cit0016] No other significant correlation was found, suggesting that the CA and ATPase molecules are likely to exert non-redundant functions in HCC (Supplementary Fig. S1). Moreover, in our series, *CA9* and *CA12* gene expression was associated with tumor grading, thus indicating their possible role in tumor malignancy ([Fig. 1B](#f0001){ref-type="fig"}).

Selective expression of CAIX and CAXII in HCC tumor cells {#s0002-0002}
---------------------------------------------------------

The distribution of pH regulatory molecules in the HCC microenvironment was assessed by IHC analysis performed on a set of formalin-fixed, paraffin-embedded (FFPE) pairs of T, NT and peri-tumor (PT) samples (n = 23). PT corresponds to FFPE HCC sections, which include areas enriched in immune infiltrating cells adjacent to tumor nodules.

In normal liver and NT tissues, the presence of CAIX was limited to the plasma membrane of cholangiocytes, while normal hepatocytes were completely negative for the protein ([Fig. 2A](#f0002){ref-type="fig"}). In contrast, approximately 50% of the T samples exhibited scattered foci of HCC cells that were strongly positive for CAIX at the plasma membrane level; these cells were evenly distributed within discrete tumor nests ([Fig. 2A](#f0002){ref-type="fig"} and [Table 2](#t0002){ref-type="table"}). Conversely, CAXII was abundantly and homogeneously expressed in most tumor cells, but was largely undetectable in NT tissue and normal liver. This expression pattern was shared by all the analyzed samples ([Fig. 2A](#f0002){ref-type="fig"} and [Table 2](#t0002){ref-type="table"}). In contrast to reports using other tumor histotypes,[@cit0023] in the present study, CAXII was mainly confined to the cytoplasm of HCC cells. We confirmed the paucity of CAXII expression at the plasma membrane by immunofluorescence staining and confocal analysis of tumor tissue samples, revealing no detectable co-localization between CAXII and cell surface-expressed β-catenin. Interestingly, the majority of CAXII co-localized with calnexin, indicating that the protein was likely retained in the endoplasmic reticulum (ER) ([Fig. 2B](#f0002){ref-type="fig"}). This pattern of expression was specific to HCC since breast carcinoma cells displayed conventional CAXII membranous expression and β-catenin co-localization (Supplementary Fig. S2 A and S2B). For both CAIX and CAXII, no positivity was detected in the inflammatory cells infiltrating the PT areas ([Fig. 2A](#f0002){ref-type="fig"}). Figure 2.Expression and cellular distribution of CAIX and CAXII in liver tissues. (A) Representative images of immunohistochemical staining for CAIX and CAXII in normal and matched non-tumor, tumor and peri-tumor liver tissues. Peri-tumor tissue was identified as areas adjacent to tumor nodules enriched in immune infiltrating cells. Membranous staining of CAIX was detectable in bile ductular cells in normal and non-tumor tissues and in malignant hepatocytes. CAXII was expressed in the cytoplasm of malignant hepatocytes. No positive staining was evident in the inflammatory cells infiltrating the peri-tumor areas. \*Identifies tumor area in peri-tumor sections. Representative images with scale bars = 100 μm. (B) Confocal laser scanning micrographs of immunofluorescent staining with anti-CAXII (green), anti-β-catenin (red) and anti-calnexin (red) in formalin-fixed, paraffin-embedded HCC tissues. Nuclei were stained with Toto-3 (blue). In the left panel, CAXII displays cytoplasmic expression without any co-localization with the membranous staining of β-catenin (red). In the right panel, the white triangle indicates the co-localization of CAXII and calnexin. Scale bars = 50 μm. Table 2.Score categories for the expression of pH regulatory molecules and CD163 in clinical HCC tissues (n = 23) analyzed by immunohistochemistry.  Extent of stained cellsMarkersIntensity of staining**0123**CAIX^\#^**0**10^a^000 **2**03010CAXII^\#^**2**00023a1^\#^**0**3000 **1**0510 **2**0266C1^\#^**0**2000 **1**0430 **2**01103a1\***0**7000 **1**6710 **2**0200H\***0**3000 **1**8700 **2**0320CD163\***2**2588[^6][^7]

Modulation of CA expression and distribution by hypoxia {#s0002-0003}
-------------------------------------------------------

HCC cell lines, representative of HCC subtypes,[@cit0024]^,^[@cit0025] were profiled for the expression of CAs and were subsequently tested for their sensitivity to selective inhibitors. As detected by western blotting, we observed that the PLC/PRF/5 and C3A cell lines expressed CAIX under normoxia (N = 21% O~2~), which was significantly up-regulated upon exposure to hypoxia (H = 1% O~2~) for 72 h. In contrast, SNU-449 cells did not express CAIX irrespective of the culture conditions ([Fig. 3A](#f0003){ref-type="fig"}). Figure 3.CAIX and CAXII expression and functional inhibition in HCC cell lines. The indicated HCC cell lines were cultured under either normoxic (N = 21% O~2~) or hypoxic (H = 1% O~2~) conditions for 72 h and were analyzed as indicated below. (A) The protein expression of CAIX, CAXII and vinculin was assessed by western blotting in cell lysates of the C3A, PLC/PRF/5 and SNU-449 cell lines. The cell surface expression of CAIX (B) and CAXII (C) was evaluated by flow cytometry. The number in each histogram plot shows the percentage of cells positive for the indicated markers (filled histograms) evaluated with respect to the corresponding secondary antibody (black line). Representative histograms from three independent experiments are shown. (D) The cellular distribution of CAXII was assessed by confocal laser scanning microscopy under the indicated conditions. Representative micrographs of triple immunofluorescence staining with anti-CAXII (green), anti-WGA (red, detecting the cell membrane) and anti-calnexin (blue, detecting the ER compartment) are reported. Scale bars = 50 μm and = 5 μm for the lower and higher magnification respectively. The cell viability of the HCC cell lines treated with different doses of S4 (µM) (E) and compound 25 (µM) (F) under normoxia (N = 21% O~2~, black triangles) or hypoxia (H = 1% O~2~, white triangles) for 72 h was evaluated using the MTT assay. The data show the percentage of viable cells of the untreated control and represent the mean of six replicate reactions from 3 independent experiments. IC~50~ values for S4 were \>100 μM for all HCC cell lines grown under normoxic conditions and 57.4, 53.9 and \>100 μM for C3 A, PLC/PRF/5 and SNU-449 exposed to hypoxia respectively. For compound 25, C3 A, PLC/PRF/5 and SNU-449 cells grown under normoxia displayed IC~50~ values of 198.5, 142.9 and \>200 μM respectively. All the HCC cell lines exposed to hypoxia displayed IC~50~ values \>200 μM for compound 25.

CAXII was expressed by all HCC cell lines but only up-regulated under hypoxia in the PLC/PRF/5 cell line ([Fig. 3A](#f0003){ref-type="fig"} and Supplementary Fig. S3). Flow cytometric analysis confirmed the membrane-bound expression of CAIX in C3A and PLC/PRF/5 cells cultured under normoxia (approximately 35% positive cells), which was markedly enhanced by 72 h of hypoxia, while the SNU-449 cell line was completely negative, consistent with the qRT-PCR data ([Fig. 3B](#f0003){ref-type="fig"}). Conversely, all HCC cell lines grown under either 21% or 1% O~2~ expressed very low levels of CAXII at the cell surface ([Fig. 3C](#f0003){ref-type="fig"}), in agreement with the expression patterns observed in HCC samples. To further explore the cellular distribution of CAXII, immunofluorescence staining of HCC cell lines was performed for CAXII (green) in combination with wheat germ agglutinin (WGA, red) and an anti-calnexin monoclonal antibody (blue) to mark the plasma membrane and ER respectively. Confocal analysis confirmed that CAXII was mainly localized in the cytoplasm when the cells were grown under normoxia, while the protein was largely retained in the ER after 72 h of hypoxia exposure, indicated by the co-staining with calnexin defined by the appearance of an azure color ([Fig. 3D](#f0003){ref-type="fig"}). Hence, HCC cell lines reacted to hypoxia in a similar fashion to the *in vivo* setting, i.e., with hypoxia causing intracellular retention of CAXII, primarily localized in the ER.

Sensitivity of HCC to CA inhibitors and the consequences of sub-cellular target localization {#s0002-0004}
--------------------------------------------------------------------------------------------

To investigate whether pH regulators may serve as effective therapeutic targets in HCC, the effect of CA blockade on HCC cell lines was investigated by inhibiting CAIX with the specific inhibitor S4, known to exert antitumor activity in breast cancer models.[@cit0026]^,^[@cit0027] CAXII was blocked using the inhibitor compound 25, a molecule belonging to a new series of N-substituted saccharin derivatives, displaying a K~I~ of 0.25 µM for human CAXII while being largely inactive against other human carbonic anhydrase isoforms, including CAIX (K~I~ \>50 µM)[@cit0028] (Supplementary Table S1). Among the saccharin-based derivatives, compound 25 was selected for its *in vitro* activity in blocking the growth of the breast cancer cell line T-47D, a cell displaying membrane positivity for CAXII in the absence of CAIX expression (Supplementary Fig. S4 A and B).

The CAIX-positive HCC cell lines C3A and PLC/PRF/5 had a low sensitivity to S4 under normoxia (IC~50~ \>100 µM), but they exhibited rapidly decreased cell viability under 1% O~2~ (down to 30% for C3A and 20% for PLC/PRF/5, with IC~50~ values of 57.4 and 53.9 respectively) ([Fig. 3E](#f0003){ref-type="fig"}). The lack of any antitumor effect of S4 on SNU-449 cells (IC~50~ \>100 µM), which were negative for CAIX under both normoxic and hypoxic conditions, confirmed the specificity of the drug ([Fig. 3E](#f0003){ref-type="fig"}).

The CAXII inhibitor compound 25 was tested on the three HCC cell lines, all of which expressed CAXII. As depicted in [Fig. 3F](#f0003){ref-type="fig"}, the drug affected the viability of HCC cells under normoxic conditions, with an IC~50~ of 198.5 and 142.9 µM in the C3A and PLC/PRF/5 cell lines, respectively, while the SNU-449 cells appeared rather resistant to the drug (IC~50~ \> 200 µM). Unexpectedly, all the HCC cell lines showed a significantly decreased sensitivity to compound 25 when cultured under hypoxic conditions, with a consequential marked increase in the IC~50~ (\> 200 μM for all cell lines) ([Fig. 3F](#f0003){ref-type="fig"}). These data suggest that CAXII sequestration in the ER under hypoxia hampered the activity of compound 25, indicating that drug modifications or alternative pharmacological strategies need to be applied for the effective targeting of CAXII in HCC.

CA inhibitors affected HCC cell viability, and we found that blockage of CAIX activity limited the proliferative capacity of the CAIX-positive cell lines (C3A and PLC/PRF/5) and induced necrosis. However, our experiments failed to depict a clear mechanism of drug-induced cell death common to CAIX and CAXII inhibitors in the HCC cell lines (Supplementary Fig. S5). In agreement with data from the literature, the cell death pathway induced by CAs is reminiscent of the 'metabolic catastrophe' occurring in cancer cells upon disruption of proton dynamics and energy metabolism.[@cit0029]

Expression of the V-ATPase complex in the HCC microenvironment {#s0002-0005}
--------------------------------------------------------------

We then explored the *in vivo* distribution of the V-ATPase complex. IHC analyses showed selective overexpression of the V-ATPase subunits a1 and C1 in T in comparison with NT tissues and normal liver ([Fig. 4](#f0004){ref-type="fig"}). This pattern was detectable in approximately 90% of HCC cases, although a heterogeneous frequency of positive cells and staining intensity could be observed ([Table 2](#t0002){ref-type="table"}). The H subunit was not detected in tumors and normal hepatocytes, as observed by the IHC staining of T and NT tissues ([Fig. 4](#f0004){ref-type="fig"}) except for 4 HCC cases. In these samples, V-ATPase subunit H was intracellularly expressed in malignant hepatocytes, with a pattern suggesting its accumulation in the Golgi apparatus (Supplementary Fig. S6). The H subunit was detectable in cells infiltrating NT and T tissues, likely to be Kupffer cells, the liver\'s macrophages lining the walls of the sinusoids. Notably, in approximately half of the cases analyzed, marked expression of the V-ATPase a1 and H subunits could also be detected in the HCC inflammatory infiltrate in the PT area of the HCC samples ([Fig. 4](#f0004){ref-type="fig"} and [Table 2](#t0002){ref-type="table"}). IHC analysis defined these immune cells as being composed of myeloid cells, expressing the CD14, CD68, CD163 and CD209 markers, and of CD3^+^ lymphocytes ([Fig. 5A](#f0005){ref-type="fig"}). Confocal microscopic analysis showed that V-ATPase a1 and H were co-expressed with CD163 and CD209, known markers of M2 macrophages ([Fig. 5B](#f0005){ref-type="fig"} and Supplementary Fig. S7 A). In addition, a fraction of CD3^+^ cells were positive for the V-ATPase a1 subunit ([Fig. 5B](#f0005){ref-type="fig"} and Supplementary Fig. S7B), while no co-staining with the V-ATPase H subunit was detectable (data not shown). Flow cytometry analysis of cell suspensions obtained from HCC surgical specimens confirmed that myeloid cells expressing CD163 and CD209 markers were clearly present, although with different frequencies, along with the presence of CD3^+^ cells ([Fig. 5C-E](#f0005){ref-type="fig"}). A fraction of CD14^+^CD11b^+^ cell population was V-ATPase a1 positive, and in agreement with confocal microscopy analysis, V-ATPase a1 was preferentially expressed by myeloid cells expressing the M2-associated marker CD163^+^ or CD209^+^ ([Fig. 5C](#f0005){ref-type="fig"}, [F](#f0005){ref-type="fig"}). Flow cytometry also confirmed that a small fraction of CD3^+^ lymphocytes expressed V-ATPase a1 ([Fig. 5D](#f0005){ref-type="fig"}, [G](#f0005){ref-type="fig"}). Figure 4.Expression pattern of V-ATPase subunits in liver tissues. The immunohistochemical expression of a1, C1 and H V-ATPase subunits was evaluated in normal and matched non-tumor, tumor and peri-tumor liver tissues. Peri-tumor tissues were identified as areas adjacent to tumor nodules enriched in immune infiltrating cells. The membranous/cytoplasmic expression of a1 and C1 subunits was detected in malignant hepatocytes. The H subunit was mainly expressed in the Kupffer cells present in non-tumor and tumor tissues. The a1 and H subunits were also expressed by infiltrating immune cells in the peri-tumor areas of the liver. \*Identifies a tumor area in the peri-tumor sections. Representative images with scale bars = 100 μm. Figure 5.Expression of V-ATPase in immune cells infiltrating HCC tissues. (A) Representative images of immunohistochemical staining for the myeloid-associated markers CD14, CD68, CD163, CD209 and the CD3 T cell marker in HCC tissues. Scale bars = 100 μm are shown. \*Identifies the tumor area. (B) Triple-labeled immunofluorescence staining for a1 and H1 subunits of the V-ATPase complex (red) and CD163 (green), CD209 (green) or CD3 (green) in HCC tissues. Nuclei were stained with Toto-3 (blue). White triangles indicate the co-expression of the analyzed markers. Representative images with scale bars = 25 μm. No co-staining was found for CD3 and V-ATPase H1 (data not shown). (C) Multiparametric flow cytometry analysis of live myeloid cells in cell suspensions of freshly dissociated HCC surgical specimens. The CD209 and CD163 positive population has been defined by setting the marker on the corresponding FMO control. The cell surface expression of V-ATPase a1 was evaluated within the CD14^+^CD11b^+^, CD11b^+^CD163^−^, CD11b^+^CD163^+^ CD11b^+^CD209^−^ and CD11b^+^CD209^+^ cell populations and the corresponding histograms are reported (black line). FMO control is shown (gray line). (D) Multiparametric flow cytometry analysis of cell surface V-ATPase a1 expression in live CD3 cells in cell suspensions of freshly dissociated HCC tumors. V-ATPase a1 positive cells have been defined using the FMO control. (E) The graph summarizes the percentages of CD14^+^, CD163^+^, CD209^+^ and CD3^+^ cells found in the analyzed HCC samples. (F-G) The percentages of V-ATPase a1-positive cells assessed in the indicated myeloid cell populations and within the CD3^+^ cells for all the analyzed samples.

Pleiotropic effects of V-ATPase inhibition by omeprazole in the HCC microenvironment {#s0002-0006}
------------------------------------------------------------------------------------

C3A, PLC/PRF/5 and SNU-449 cells displayed significant levels of the V-ATPase a1 and C1 subunits ([Fig. 6A](#f0006){ref-type="fig"}), corroborating the expression data observed in the HCC specimens. To test the antitumor potential of V-ATPase targeting, we chose omeprazole, a selective inhibitor of proton pumps that is broadly used to block acid secretion by gastric parietal cells through inhibition of the H+/K+ ATPase system.[@cit0030] Omeprazole has been shown to cross-react with V-ATPase and mediate antitumor properties in a preclinical setting[@cit0015]^.^ As shown in [Fig. 6B](#f0006){ref-type="fig"}, all HCC cells showed a significantly blocked growth response to omeprazole, with IC~50~ values ranging from 39.4 µg/ml for PLC/PRF/5 cells to 100.9 µg/ml for C3A cells. SNU-449 cells again displayed the lowest sensitivity (IC~50~ values of 128.4 µg/ml), in accordance with the relative resistance observed with CA inhibitors ([Fig. 3E](#f0003){ref-type="fig"} and [F](#f0003){ref-type="fig"}) and described for other drugs, including sorafenib.[@cit0031] No difference in the sensitivity to omeprazole treatment was found in hypoxic conditions for any of the HCC cell lines (Supplementary Fig. S8). These experiments suggested that omeprazole affected the proliferative capacity of all the HCC cell lines tested and induced necrosis, but the mechanisms leading to drug-induced HCC cell death remain to be elucidated, as discussed for the CA inhibitors (Supplementary Fig. S5). Figure 6.Effects of omeprazole on HCC cell line viability and on the tumor microenvironment of HCC tissue explants. (A) The protein expression of a1, C1, β-actin and α-tubulin was assessed by western blotting in cell lysates of the C3A, PLC/PRF/5 and SNU-449 cell lines. (B) The HCC cell lines were treated with different doses of omeprazole, and cell viability was evaluated using the MTT assay. The data on the y-axes report the percentage of viable cells of the untreated control and represent the mean of six replicate reactions from 3 independent experiments. The calculated IC~50~ values for omeprazole are 100.9, 39.4, and 128.4 μg/ml for C3A, PLC/PRF/5 and SNU-449 respectively. (C) Expression levels of the indicated genes in HCC tissue explants (*MYC, VIM, CDH1, CCL22, IFNG* N = 12; *TNF*, N = 8) cultured *ex vivo* in the presence of 100 μg/ml omeprazole or the vehicle of the drug for 24 h. The gene expression data are reported as 2^−ΔCt^ values. The p-values are calculated by the paired t test comparing cells treated with omeprazole or the vehicle.

V-ATPase was expressed not only in tumor cells but also in the infiltrating immune cells. To evaluate whether interfering with V-ATPase activity could modulate the HCC microenvironment in both the tumor and immune components, human primary HCC tissue explants (n = 12), preserving the intercellular networks of local tissue,[@cit0032] were cultured for 24 h with omeprazole or drug vehicle and were then analyzed for the modulated expression of selected tumor and immune genes.

*MYC* and *VIM*, expressed by tumor cells and associated with epithelial-to-mesenchymal transition (EMT),[@cit0033]^,^[@cit0034] were down-regulated in HCC tissue explants, in parallel with increased *CDH1*, indicating a reduced aggressiveness of the tumor component ([Fig. 6C](#f0006){ref-type="fig"}). Omeprazole treatment also induced a reshaping of the cyto/chemokine milieu, including a down-regulation of *CCL22* and a concomitant up-regulation of the *IFNG* and *TNF* genes ([Fig. 6C](#f0006){ref-type="fig"}). The expression of other immune genes, including *CCL2* and *IL6*, was not consistently detectable by qRT-PCR.

To gain further evidence of the functional role of V-ATPase in the modulation of the cytokine profile of the HCC TME and to assess whether the cytokine modulation in the HCC TME also occurred at the protein level, cell suspensions obtained from HCC surgical specimens were treated for 24 h with omeprazole or vehicle and monitored by multiparametric flow cytometry for cyto/chemokine secretion by the different immune cell subsets.. In CD11b^+^CD163^+^ myeloid cells and in CD3^+^ T cells, omeprazole treatment was associated with a decreased production of CCL22, paralleled by a significant increase in IFNγ and TNF Representative flow cytometry histograms are shown ([Fig. 7A](#f0007){ref-type="fig"}, [B](#f0007){ref-type="fig"}), and cumulative data obtained from all the HCC cell suspensions are summarized ([Fig. 7C](#f0007){ref-type="fig"}, [D](#f0007){ref-type="fig"}). Altogether, these data indicate that omeprazole promotes a rapid modulation of the HCC TME involving a relief of immunosuppression and a potential gain of a more antitumor immune profile that involved both innate and adaptive immune cells. Figure 7.Modulation of the cytokine profile in HCC immune-infiltrating cells by omeprazole treatment. (A-D) Multiparametric flow cytometry of live cells in freshly dissociated HCC tumors treated with the drug vehicle (red line) or with omeprazole (100 μg/ml, blue line) for 24 h. IFNγ, TNF and CCL22 production was evaluated by intracellular staining (A) in CD163^+^ myeloid cells gated inside live CD45^+^CD3^−^ cells and (B) in CD3^+^ T cells gated inside live CD45^+^ cells. FMO control for each cytokine (gray line) is reported in the histogram plot. The percentages of IFNγ-, TNF- and CCL22-positive cells in the CD163^+^ and in the CD3^+^ cells are shown in C and D respectively. The p-values are calculated by the paired t test comparing cells treated with omeprazole or the vehicle.

Discussion {#s0003}
==========

Tumor metabolism is the focus of a new wave of studies aimed at a better understanding of cancer biology and for developing novel tools for therapeutic intervention.[@cit0035]^,^[@cit0036] In the present work, we show that HCC, the dysfunctional metabolism of which promotes a highly hypoxic and acidic environment,[@cit0007] selectively overexpress molecules such as V-ATPase, CAIX and CAXII that are in charge of proton extrusion and intracellular pH regulation. The pharmacological inhibition of these pH regulators greatly decreased tumor cell viability, suggesting a strong pro-survival role of these transporters in HCC biology. Moreover, in our HCC series*, CA9* and *CA12* gene expression was associated with tumor grading, thus indicating their possible involvement in tumor malignancy *in vivo* in HCC patients. Overexpression of these pH regulatory molecules is a biological feature common to many human tumors, and data in the literature show that their blockage exerts strong antitumor activity *in vivo* in human tumor xenografts.[@cit0027]^,^ [@cit0037] However, to fully qualify these pH regulatory molecules as therapeutic targets for HCC patients, the *in vivo* antitumor effects of their specific antagonistic drugs in human HCC xenografts have still to be demonstrated.

Although selectively associated with the neoplastic transformation of hepatocytes, the expression patterns of V-ATPase, CAIX and CAXII in HCC showed non-redundant functions and thus diverse potentials as druggable targets. The focal distribution of CAIX within discrete tumor nests indicates that this transporter, promptly induced by hypoxia, might identify tumor areas with particularly low O~2~ tension. Given that CAIX is associated with stemness and enhanced malignancy in other solid cancers[@cit0040]^,^[@cit0041] and that acidity may promote *per se* cell pluripotency,[@cit0042] it is possible that hypoxic niches may host HCC cells with stem-like features and that CAIX targeting may control the most aggressive cancer cells. These data also identify CAIX as a potential HCC prognostic biomarker, in accordance with a recent meta-analysis identifying that CAIX tumor expression is associated with a higher risk of locoregional failure and metastatic spread in multiple cancers.[@cit0022]^,^[@cit0043]

On the other hand, CAXII showed a homogeneous expression pattern in transformed hepatocytes, which is clearly a great advantage for effective therapeutic targeting. However, this pH regulator was unexpectedly retained intracellularly in both the HCC specimens and cell lines. Of note, the ER localization of CAXII was exacerbated by hypoxia and was seemingly specific to this tumor histotype, being undetectable in other solid cancers.[@cit0023] Although the molecular mechanism underlying this phenomenon is presently unknown, it could be that altered CAXII glycosylation or alternative splicing events, known to occur in cancer under certain conditions[@cit0044]^,^[@cit0045] might play a role in determining the intracellular localization of CAXII. Nevertheless, since HCC cell lines became partially refractory to CAXII inhibitor compound 25 under hypoxic conditions, it suggests that either the protein loses its function when retained in the ER or the drug has no access to this intracellular compartment. Modifications of compound 25 to allow binding to ER-retained CAXII, or the use of "intrabodies" designed to target splice variants,[@cit0046] could increase the efficacy of CAXII-specific targeting in liver cancer.

Our results show that V-ATPase was positive in most malignant hepatocytes, was detectable in infiltrating immune cells and was thus the most broadly and highly expressed pH regulator in the HCC microenvironment among those tested. These observations are consistent with data reported for melanoma and breast cancer, for which V-ATPase overexpression has also been associated with more aggressive disease and multi-drug resistance.[@cit0047] Selective V-ATPase inhibitors for clinical use are presently unavailable, and those developed for *in vitro* studies (e.g., bafilomycin) have exhibited prohibitive toxicity.[@cit0048] Hence, the functional analysis of the role of V-ATPase in HCC has been performed with omeprazole, a proton pump inhibitor (PPI) that is widely used to reduce gastric acid secretion[@cit0030] and has recently been reported to exert broad antitumor effects at preclinical and clinical levels.[@cit0047]^,^[@cit0049] PPIs were designed to bind to gastric H^+^, K^+^-ATPase, but they can also cross-react with V-ATPase, albeit with lower affinity.[@cit0016] In our hands, omeprazole displayed antitumor activity in the HCC cell lines, suggesting promising clinical potential. Nevertheless, novel V-ATPase inhibitors that have recently been introduced, such as enoxacin and other small molecules, will potentially provide additional tools for therapeutic intervention in HCC.[@cit0050]

Importantly, our data indicated that in contrast to the other pH regulators, V-ATPase was also markedly expressed by both the resident myeloid Kupffer cells and by the HCC immune cell infiltrate. Specifically, V-ATPase expression occurred in myeloid cells, most likely M2-like TAMs located within tumor nests or in the peri-tumor area at the boundary between tumor and adjacent non-tumor tissue. Transcriptional up-regulation of V-ATPase genes has been reported to occur in monocytic cells during macrophage differentiation in association with phagocytic activity.[@cit0051] Hence, it is conceivable that HCC-associated macrophages might exploit V-ATPase expression to survive the acidic tumor microenvironment and possibly exert their immunosuppressive effects. Data from HCC tissue explants, likely preserving the intercellular network operating *in vivo,* and the analysis of cell suspensions obtained from HCC specimens indicate that V-ATPase blockade via omeprazole can interfere with TAM activity, possibly favoring the conversion of protumor M2-like myeloid cells into antitumor M1-like cells, as indicated by the decrease in CCL22 expression and the concomitant significant increase of IFNγ and TNF. This cytokine modulation also occurred in the adaptive CD3^+^ cell population. Whether the immune cells were direct targets of the drugs or their functional modulation was the result of the drug-induced modification in tumor or other stromal cells remains to be addressed. Nevertheless, these data indicate a broad impact of omeprazole in creating a less immune-suppressive HCC microenvironment involving both innate and adaptive effector T cells. Indeed, omeprazole changed the tumor cell phenotype; V-ATPase inhibition in HCC explants by omeprazole down-regulated the *MYC* oncogene and induced an inverse modulation of E-cadherin and vimentin expression, thus implying a block of the EMT, a process that is also sustained by myeloid cells[@cit0009]^,^[@cit0052] and which drives disease progression in HCC.[@cit0024] Thus, targeting V-ATPase could achieve the twin goals of reducing the viability and aggressive features of tumor cells while concomitantly interfering with the protumor and immunosuppressive functions exerted by the myeloid cell infiltrate in HCC.[@cit0053]

The precise molecular mechanisms underlying these effects remain to be fully elucidated. Tumor pH buffering mediated by omeprazole administration can certainly play a role in both tumor growth and associated immune dysfunctions.[@cit0011] Consistent with this opinion is the evidence that bicarbonate can be beneficial in HCC patients receiving locoregional therapy[@cit0054] and in mice undergoing tumor immunotherapy.[@cit0055] Nevertheless, it should be underlined that blockade of pH regulators might also directly interfere with downstream signaling pathways, including Wnt/β-catenin, Notch and mTOR,[@cit0016]^,^[@cit0018] and with genes involved in the so called "metabolic catastrophe"[@cit0029] both in tumor cells and immune cells.

In conclusion, drugs that inhibit pH regulation might represent a promising therapeutic strategy in HCC patients, endowed with the novelty of simultaneously interfering with metabolic pathways of tumors and the associated immunosuppressive cell populations. In this era of immune checkpoint-based immunotherapy, not only showing promising efficacy in HCC patients[@cit0004] but also underscoring the key role of myeloid cells in primary and acquired resistance,[@cit0056]^,^[@cit0057] the identification of drugs that may potentially induce a less-aggressive and immunosuppressive tumor microenvironment could provide further therapeutic benefit when used in combination therapy.

Materials and methods {#s0004}
=====================

Ethical statement {#s0004-0001}
-----------------

This study was conducted in compliance with the Helsinki Declaration of 1975 and was approved by the review board of Fondazione IRCCS Istituto Nazionale dei Tumori of Milan (protocol number: INT 110/13). Written informed consent was obtained from the patients.

Patients, tissue samples and clinical data {#s0004-0002}
------------------------------------------

Tumor (T) and adjacent non-tumor liver tissue (NT), sampled within 2 cm proximal to the tumor margin, were collected from resected HCC in patients with well-compensated cirrhosis (n = 57). Nine non-cirrhotic, normal (N) liver tissue samples were obtained from patients who underwent operations unrelated to cancer (cholecystectomy). Liver tissue specimens were snap-frozen in RNA*later™* solution (Thermo Fisher Scientific) for RNA analyses and stored at −80°C until use. See [Table 1](#t0001){ref-type="table"} for the tumor pathology features. Formalin-fixed, paraffin-embedded (FFPE) samples corresponding to the liver tissues stored in the RNA*later* solution were also prepared for immunostaining. Breast cancer samples were used as a control (n = 3) and were obtained from a pathology archive. To obtain single-cell suspensions, HCC tissues were enzymatically and mechanically digested using the gentleMACS Dissociator (Miltenyi Biotec) and were stored in liquid nitrogen until use.

Cell lines and culture conditions {#s0004-0003}
---------------------------------

The human HCC cell lines C3A, PLC/PRF/5 and SNU-449 and the breast cancer cell line T-47D (ATCC, Manassas, Virginia, USA) were cultured in complete culture medium (RPMI-1640, Lonza) supplemented with 10% heat-inactivated fetal calf serum (FCS, Lonza), 100 U/ml penicillin and 100 U/ml streptomycin under normoxia (N = 21% O~2~) or hypoxia (H = 1% O~2~) as indicated. HCC cell lines grown at 80--90% confluence were trypsinized, washed in 1x PBS and used for the analysis. Cell lines were routinely checked for their identity by STR profiling and were free of mycoplasma, as assessed using the N-GARDE Mycoplasma PCR reagent set (EMK-090020, Euroclone).

Ex vivo treatment of HCC tissue explants {#s0004-0004}
----------------------------------------

Culturing of *ex vivo* HCC tissue explants was performed as previously described.[@cit0032] Fresh HCC tissues (n = 5) were cut into 3 mm^3^ pieces using a biopsy puncher under sterile conditions and were cultured for 24 h in a 48-well plate (Corning) in the presence of 300 μl RPMI 1640 with 1% FCS (Lonza) and 100 µg/ml omeprazole (Sigma-Aldrich) or drug vehicle (dimethylsulfoxide, DMSO, Sigma-Aldrich).

RNA extraction, reverse transcription and quantitative real-time PCR {#s0004-0005}
--------------------------------------------------------------------

Total RNA was extracted using a NucleoSpin miRNA kit (Macherey-Nagel). cDNA was generated using a High-Capacity cDNA reverse transcription kit (Thermo Fisher Scientific). In addition, cDNA obtained from HCC tissue explants was also pre-amplified using the TaqMan® Preamp Master Mix Kit (Thermo Fisher Scientific). cDNA was used to perform real-time PCR (qRT-PCR) with TaqMan® gene expression assays and the primers/probes reported in Supplementary Table S2. qRT-PCR assays were conducted using an ABI 7900HT instrument (Thermo Fisher Scientific). Data analysis was performed with SDS 2.2.2 software (Thermo Fisher Scientific).

Immunohistochemistry {#s0004-0006}
--------------------

Serial sections of 1-2-μm-thickness FFPE HCC (n = 23) and normal liver (n = 9) samples were processed for immunohistochemical staining. For each HCC case, the FFPE section slides of non-tumor, (NT) tumor (T) and peri-tumor (PT) tissues were analyzed. PT corresponds to the FFPE HCC sections, which include areas enriched in immune infiltrating cells adjacent to tumor nodules. The antibodies used are reported in Supplementary Table S3. Stained whole-section slides were scanned using Aperio Scanscope Cs (Aperio Technologies). Images were visualized and annotated with ImageScope software (Aperio Technologies).

Confocal analysis {#s0004-0007}
-----------------

Confocal microscopic analyses were performed using FFPE samples and HCC cell lines that were exposed or not to hypoxia (1% O~2~) for 72 h. The antibodies used are reported in Supplementary Table S3. The nuclei were stained with Toto-3 (Thermo Fisher Scientific). Confocal microscopy was performed using a Radiance 2100 microscope (Bio-Rad Laboratories) equipped with a krypton/argon laser and a red laser diode.

Flow cytometry {#s0004-0008}
--------------

Antibodies used in flow cytometry are reported in Supplementary Table S4. CAIX and CAXII were detected at the cell surface. Multiparametric flow cytometry was performed on cell suspensions obtained from clinical HCC tissues and stored in liquid nitrogen. The cells were stained for cell surface markers, including V-ATPase a1, fixed and permeabilized with Cytofix/Cytoperm buffer (BD Biosciences), and stained with the intracellular markers (CCL22, IFNγ and TNF). CCL22, IFNγ and TNF production was measured after treatment with 100 μg/ml omeprazole or the vehicle of the drug (DMSO) for 24 h. Golgi Stop (0.7 μl/ml) was added after 1.5 h of treatment

Dead cells were identified using the LIVE/DEAD Fixable Violet Dead Cell Stain Kit (ThermoFisher Scientific) and were excluded from the analysis. Data were acquired using a Gallios flow cytometer (Beckman Coulter) and were analyzed by FlowJo, V 8.5.2 (Tree Star) or Kaluza 1.3 software (Beckman Couter).

Pharmacological inhibitors and cell viability assays {#s0004-0009}
----------------------------------------------------

The selective CAIX inhibitor S4 (4-(3′-(3″,5″-dimethylphenyl)ureido)phenyl sulfamate) and the selective CAXII inhibitor compound 25 were developed by the team of Dr. CT Supuran. See Supplementary Table S1 for the chemical and biological details of the CAXII inhibitors. Omeprazole was purchased from Sigma-Aldrich. Drugs were dissolved in DMSO (Sigma-Aldrich) and were stored at −20°C. Prior to use, omeprazole was activated in acidified water at pH 3.7 for 30 min at RT in the dark and then diluted in culture medium. Activated omeprazole was used throughout the present study. HCC cells were plated at a density of 4--5 × 10^3^ cells/well in 96-well plates (Corning), drugs were added to fresh medium after 24 h, and plates were incubated for an additional 72 h. Cell viability was evaluated using the (3-(4,5)-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) colorimetric assay (Sigma-Aldrich). Absorbance was measured at 570 nm with a spectrophotometer (Infinite® M1000, Tecan), and the average values from triplicate readings were calculated.

Statistical analysis {#s0004-0010}
--------------------

Statistical analyses were performed using GraphPad Prism Software v.5 (GraphPad, La Jolla). The Wilcoxon signed-rank test was used to compare gene expression levels between non-tumor and tumor tissues, and the Mann-Whitney *U*-test was used to compare the gene expression levels between normal and non-tumor tissues and between normal and tumor tissues. p-values less than or equal to 0.05 were considered significant. Fitted lines were generated using the four-parameter dose-response curve (variable slope), and the IC~50~ values for inhibition of cell growth at 72 h of S4, compound 25 and omeprazole treatment were calculated. One-way analysis of variance (ANOVA) followed by Bonferroni correction was used to evaluate statistical significance. The paired t test was used to compare the expression of *MYC, CDH1, VIM, CCL22, IFNG* and *TNF* in HCC tumor explants treated with 100 μg/ml omeprazole or the vehicle of the drug. To evaluate the modulation of IFNγ, TNF and CCL22 in fresh CD163^+^ and CD3^+^ cells isolated from HCC tissues due to the treatment with 100 μg/ml omeprazole or the vehicle of the drug, paired t tests were used.

Supplementary Material
======================

###### 2017ONCOIMM0613R1-file002.docx

Disclosure of potential conflicts of interest
=============================================

No potential conflicts of interest were disclosed.

Acknowledgments
===============

The authors are grateful to Francesca Rini, Valeria Beretta, Agata Cova, Martina Filugelli and Paola Squarcina (Unit of Immunotherapy of Human Tumors, Fondazione IRCCS Istituto Nazionale dei Tumori, Milan, Italy) for technical help, Paola Frati for data management and Grazia Convertino for administrative support.

Financial support
=================

This study was supported by the Associazione Italiana Ricerca sul Cancro (CC IG-15192; LR IG-14285) and the Italian Ministry of Health grant 52/RF-2010-2312620. O.K. is supported by a Prometeo Association fellowship. Fellowship provided by Prometeo Association.

[^1]: Present address: Tisch Cancer Institute, Department of Medicine, Icahn School of Medicine at Mount Sinai, Madison Avenue 1425, 11 F-70, Box 1123, New York, New York 10029, USA

[^2]: These authors contributed equally to this work.

[^3]: These authors contributed equally to this work.

[^4]: Supplemental data for this article can be accessed on the [publisher\'s website](https://doi.org/10.1080/2162402X.2018.1445452).

[^5]: Clinical and pathological features of 57 paired tumor and adjacent non-tumor liver tissues collected from patients with HCC who underwent curative resection from 2011 to 2015 at the Gastrointestinal Surgery and Liver Transplantation Unit of our institute.

[^6]: Abbreviations: HCC, hepatocellular carcinoma.

[^7]: Note: ^a^, number of cases in each category; the expression of these markers was evaluated: ^\#^ in tumor hepatocytes and \* in immune infiltrating cells in peri-tumor areas. Every tumor was given a score category according to the intensity of the membrane/cytoplasmic staining (0 = negative; 1 = lower than the internal or experimental control; 2 = equal to the internal or experimental control) and to the extent of the stained cells (0 = 0-\<5%, 1 = \<10%, 2 = 10--50%, 3 = \>50%). Bile duct cells and the glandular and superficial foveolar compartment in the stomach tissue were used as control for CAIX and CAXII staining, respectively. The islets of Langerhans in the human pancreas and the glandular compartment in stomach tissues were used as controls for a1 and H staining, respectively. Subunit H of V-ATPase was not expressed by malignant hepatocytes, except for 4 of 23 HCC lesions that displayed strong staining in the Golgi (see Supplementary Fig. S6). Kupffer cells of the liver were used as an internal control for CD163 staining.
